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Breast Mass Characterization Using 
3-Dimensional Automated Ultrasound 
as an Adjunct to Digital Breast
Tomosynthesis
A Pilot Study
ltrasound (US) is essential for characterization of breast
masses.1 It is commonly used as an adjunct to diagnostic
clinical mammography, the standard imaging method for
detecting breast cancer. The interpretation of handheld US images
by experienced radiologists leads to accuracy close to 100% for dif-
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tomosynthesis; ROC, receiver operating char-
acteristic; 3D, 3-dimensional; US, ultrasound
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ORIGINAL RESEARCH
Objectives—The purpose of this study was to retrospectively evaluate the effect of
3-dimensional automated ultrasound (3D-AUS) as an adjunct to digital breast
tomosynthesis (DBT) on radiologists’ performance and confidence in discriminating
malignant and benign breast masses.
Methods—Two-view DBT (craniocaudal and mediolateral oblique or lateral) and single-
view 3D-AUS images were acquired from 51 patients with subsequently biopsy-proven
masses (13 malignant and 38 benign). Six experienced radiologists rated, on a 13-point
scale, the likelihood of malignancy of an identified mass, first by reading the DBT images
alone, followed immediately by reading the DBT images with automatically coregis-
tered 3D-AUS images. The diagnostic performance of each method was measured using
receiver operating characteristic (ROC) curve analysis and changes in sensitivity and
specificity with the McNemar test. After each reading, radiologists took a survey to rate
their confidence level in using DBT alone versus combined DBT/3D-AUS as potential
screening modalities.
Results—The 6 radiologists had an average area under the ROC curve of 0.92 for both
modalities (range, 0.89–0.97 for DBT and 0.90–0.94 for DBT/3D-AUS). With a Breast
Imaging Reporting and Data System rating of 4 as the threshold for biopsy recommen-
dation, the average sensitivity of the radiologists increased from 96% to 100% (P > .08)
with 3D-AUS, whereas the specificity decreased from 33% to 25% (P > .28). Survey
responses indicated increased confidence in potentially using DBT for screening when
3D-AUS was added (P < .05 for each reader). 
Conclusions—In this initial reader study, no significant difference in ROC performance
was found with the addition of 3D-AUS to DBT. However, a trend to improved dis-
crimination of malignancy was observed when adding 3D-AUS. Radiologists’ confi-
dence also improved with DBT/3DAUS compared to DBT alone.
Key Words—automated ultrasound; breast; reader study; tomosynthesis 
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ferentiating simple cysts from other lesions2 and can improve
distinction of malignant from benign breast masses.3–5
Three-dimensional automated ultrasound (3D-AUS)
scanners are currently being investigated6–15 as a means to
reduce the breast US examination time, measure additional
tissue properties such as the speed of sound and acoustic
attenuation,16 and provide 3D volumes that can be
reviewed after the examination. When compared to hand-
held US, 3D-AUS has been found to provide similar image
quality and diagnostic information,13 Breast Imaging
Reporting and Data System (BI-RADS) ratings,7,12,13 and
mass detection rates.7 As an adjunct to mammography,
3D-AUS improved mass characterization,17 and in a recent
screening study,6,18 3D-AUS improved cancer detection
and accuracy and reduced callback rates.
We have used a combined digital breast tomosynthe-
sis (DBT) and 3D-AUS imaging system, developed by GE
Global Research (Niskayuna, NY) with our collaboration
and modifications. The breast is imaged sequentially with
DBT and 3D-AUS under the same mammographic com-
pression using a special dual-modality compression paddle.
Imaging in the same geometry8–11 provides coregistration
between the two modalities.8 Coregistration potentially
reduced the potential for misidentification of the location of
abnormalities as can occur when handheld US is combined
with mammography because the two modalities are per-
formed in different geometries.19,20
Digital breast tomosynthesis is of interest for breast
screening and diagnosis because of its 3D imaging capa-
bilities and its potential to alleviate a limitation of mam-
mography, the masking of noncalcified cancers by other
dense tissue.21 Digital breast tomosynthesis has shown clin-
ical potential compared to screen-film and digital mammog-
raphy21 by subjectively providing better image quality22–25
and increasing the number of detected abnormalities23,26–28
and the accuracy in classification of masses.22,29,30 In clinical
practice, its sensitivity was found to be similar to the sensi-
tivity of mammography.31
Whether US, and in particular 3D-AUS, could be as
useful an adjunct to DBT for masses as it is for mammog-
raphy currently in diagnostic evaluations has not been sub-
stantially investigated. We report here the results from an
initial reader study. Our purposes were to preliminary eval-
uate the effect of adding 3D-AUS to DBT on radiologists’
abilities to discriminate malignant and benign breast
masses, to assess radiologists’ abilities to detect lesions on
3D-AUS images using coregistration, and to measure
radiologists’ confidence in using combined DBT/3D-




Institutional Review Board approval was granted for this
investigation. Informed consent, including consent for
future retrospective data analysis, was obtained for each
patient. The study was compliant with the Health Insur-
ance Portability and Accountability Act.
Ninety-four patients, each with a mass assessed as
suspicious or highly suggestive of malignancy (BI-RADS
4 and 5) based on clinical diagnostic mammography and US
imaging, were recruited between 2006 and 2009. All under-
went DBT and 3D-AUS research scans before biopsy or
fine-needle aspiration. Inclusion criteria for the reader
study were a visible mass on DBT, a mass in the field of view
of the 3D-AUS image, and availability of pathologic results.
Forty-three patients were excluded for the following reasons:
technical problems during 3D-AUS acquisition (7), aborted
biopsy (7), negative DBT findings (8), and exclusion of the
mass from the field of view for 3D-AUS (21). The 7 cases
excluded for technical problems were excluded because of
communication issues between the main computer and the
US scanner, resulting in asynchronous triggering signals and
random numbers of slices in the US data sets. The last case
was excluded because of an issue during the DBT acquisi-
tion, resulting in poor image quality. Both issues took
place in the early stage of the study and were subse-
quently corrected.
The final case set thus consisted of 51 patients (mean
age 50 years; range, 29–79 years) for a total of 51 masses
(mean diameter, 1.8 ± 1.1 cm). Thirteen masses were malig-
nant (10 invasive ductal carcinomas, 2 invasive lobular
carcinomas, and 1 metaplastic carcinoma), and 38 were
benign (13 cysts, 12 fibroadenomas, 2 papillomas, 1 lobular
carcinoma in situ, and 10 other benign breast diagnoses).
In 2 of the 51 cases, the 3D-AUS findings were negative,
as were the clinical handheld US findings. 
Imaging Procedures and Equipment
Craniocaudal and either lateral or mediolateral oblique
DBT images were obtained with the use of a DBT unit
prototype8 with the patient in a seated position. Breast
compression was applied, similar to but often slightly
reduced from that of mammography. Twenty-one pro-
jection views were acquired in 7.5 seconds with a total
mean glandular dose of approximately 1.4 times that for a
conventional screen-film mammogram as estimated with
an American College of Radiology phantom. Image recon-
struction was performed with a simultaneous algebraic
reconstruction technique32 for a pixel size the same as the
Padilla et al—3D Automated Breast Ultrasound and Tomosynthesis
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detector element pitch (0.1 × 0.1 mm) and slice spacing
set to 1 mm.
After the second DBT view, a single automated
whole-breast US scan was acquired in the same view dur-
ing the same compression,10 using either a solid plastic
polymethylpentene10,11,33,34 or, in a few cases, a fiber
mesh35 compression paddle, with the contact surface of
the breast and the proximal breast periphery covered by
US coupling gel. A linear matrix array US transducer (GE
M12L) operated at 10 MHz was translated across the com-
pression paddle with a computer-driven motorized trans-
ducer carriage. The image plane of the transducer was
perpendicular to the chest wall, whereas the motion of the
carriage was parallel. Images were acquired with a LOGIQ
9 US system (GE Healthcare, Milwaukee, WI). Image
spacing of 0.4 mm was achieved using an external image
frame trigger that was developed for the LOGIQ 9 system.
Visualization Software
In-house–developed software was used to display DBT and
3D-AUS images. The tomosynthesis slices were displayed
on a T221 9-megapixel, 22.2-in-diagonal liquid crystal
display monitor (IBM, Armonk NY), and the 3D-AUS
slices were displayed on an adjacent 2-megapixel, 24-in-
diagonal monitor. Both the DBT and 3D-AUS images were
displayed with the original pixel resolution without sub-
sampling. Readers could adjust contrast, brightness, and
zoom and scroll through the slices for viewing. The software
performed automatic registration of the lesion location
from the DBT to the 3D-AUS volumes. The accuracy of
the registration was estimated to be 0.8 ± 0.3 mm for a rigid
calibration phantom.8 For patient data, a spatial discrep-
ancy of up to 5 mm in the registration was noticed due to
usual patient movements, a tendency of the patients to pull
back over the several minutes of compression, and varia-
tions in the speed of sound in the breast and refraction of
the US beam. 
Mass Localization
The true positions of the biopsied masses on the DBT and
3D-AUS volumes were established by a Mammography
Quality Standards Act–qualified radiologist (C.P.), who
had access to clinical images (mammography and handheld
US) and clinical information. An independent verification
was performed by a second qualified radiologist (M.A.R.).
Reader Study Design
Six academic breast radiologists (A.D.J., K.A.K., A.V.N.,
M.N., S.K.P., and R.W.P.), with 3 to 20 (median, 13) years
of experience in mammographic and breast US interpre-
tation, participated as observers. All were Mammography
Quality Standards Act qualified, and 5 were fellowship
trained in breast imaging. These readers read the cases in
randomized order during an average of 3 reading sessions.
The radiologists were not informed about the cancer
prevalence in the data set, and the results of their assess-
ments were not discussed with them before the entire
study was completed.
In the 2-step sequential reading design used, the radi-
ologists first examined the images of the mass in the cran-
iocadal and mediolateral oblique (or lateral) DBT views.
The position of the mass in these volumes was marked by a
region of interest. The radiologists first categorized the masses
from 1 to 5 using the American College of Radiology’s
BI-RADS classification system. Category 0 (additional
imaging needed) was not allowed. The likelihoods of malig-
nancy were also rated using a 13-point scale, with 1 being
normal; 2, benign; 3, probably benign with a 0% to 2% risk
of malignancy; 4, suspicious with a 3% to 10% risk; 5,
suspicious with an 11% to 20% risk; and up to 13, highly
suggestive of malignancy with a risk higher than 94%.
Readers were reminded at the beginning of each session
that a rating of greater than 2% likelihood of malignancy
(BI-RADS 4 or 5) implied a biopsy recommendation.
The radiologists then selected descriptors of the shape,
margin, and mass density, according to the BI-RADS
system. The presence of absence of calcifications was
recorded. All assessments were recorded with an interac-
tive graphical user interface.
Immediately after reading the DBT images for a case,
the radiologists examined the 3D-AUS volume correspon-
ding to the last DBT view for the case while the DBT vol-
umes were still displayed. This mode is referred to as
DBT/3D-AUS below. The region of interest of the mass in
the DBT volumes was coregistered and displayed on the
AUS volume. The radiologists were informed of the poten-
tial imprecision of the coregistration. They first localized
the position of the mass on the 3D-AUS images by mark-
ing a region of interest. They then selected descriptors
from a list of terms in the American College of Radiology’s
BI-RADS US lexicon to characterize the mass shape, ori-
entation, margin, echo pattern, posterior acoustic features,
lesion boundary, and surrounding tissues. They finally pro-
vided a BI-RADS classification and a likelihood of malig-
nancy rating using combined information retrieved from
DBT and 3D-AUS.
After each reading of DBT and combined DBT/3D-
AUS volumes, the radiologists rated their confidence in
using DBT and combined DBT/3D-AUS for simulta-
neous screening and diagnostic examinations. The sur-
J Ultrasound Med 2013; 32:93–104 95
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vey question that was asked after each DBT reading was:
“If screening were performed by tomosynthesis in this
fashion, would tomosynthesis alone allow you to avoid cat-
egorizing this case as BIRADS 0 and instead enable you to
categorize it as BIRADS 2, 3, 4, or 5, without any additional
imaging? (Assume no previous comparison mammo-
grams.)” The survey question that was asked after each
combined DBT/3D-AUS reading was: “If screening were
performed by combined tomosynthesis and US as we pre-
sented, are these images sufficient to allow you to avoid
categorizing this case as BIRADS 0 and instead enable you
to categorize it as BIRADS 2, 3, 4, or 5 without any addi-
tional imaging? (Assume no previous comparison mam-
mograms.)” Answers were recorded using a 10-point scale,
1 being “no,” 5 being “maybe,” and 10 being “yes.”
Because the main objective of the study was to pre-
liminary evaluate the effect of adding 3D-AUS to DBT on
radiologists’ abilities to discriminate malignant and benign
breast masses, it was necessary to have the reading of the
mass of interest on both modalities for all the radiologists.
To make sure that the correct masses were detected on the
3D-AUS images, 2 reference radiologists reviewed the
mass localizations on the 3D-AUS images for each reader.
The cases with incorrectly identified masses of interest on
the 3D-AUS images were identified. The correct areas of
the masses of interest were then marked on the 3D-AUS
images. At least 2 months after the readers’ reading session,
the 5 readers who had incorrectly identified the locations
of 1 or more masses of interest on the 3D-AUS images were
recalled to again read those cases. For the second readings,
the masses of interest were already marked on the 3D-AUS
images. For cases in which there were such second readings,
the ratings for the second readings replaced the ratings for
the first readings in the analyses of the readers’ performances.
Data and Statistical Analyses
The observer performances in terms of likelihood of malig-
nancy ratings were analyzed using the receiver operating
characteristic (ROC) method.36,37 The statistical signifi-
cance of the difference in the area under the ROC curve (Az)
between the two modalities was tested using the Dorfman-
Berbaum-Metz multireader multicase method38,39 (http://
www-radiology.uchicago.edu/krl/KRL_ROC/
software_index6.htm). This method takes into account
both the reader and the case sample variations by means
of an analysis of variance approach. The results can thus
be generalized to the population of readers and to the pop-
ulation of samples.
To analyze changes in sensitivity and specificity, cases
were classified as “no biopsy recommended” (BI-RADS
ratings 1–3) or as “biopsy recommended” (BI-RADS rat-
ings 4 and 5). The individual change in sensitivity for a
given radiologist with 3D-AUS was investigated using the
McNemar test (WinStat version 2005.1; R. Fitch Software,
Lehigh Valley, PA) with consideration of the number of
beneficial and detrimental changes in biopsy recommenda-
tions for malignant masses. For a malignant mass, a change
from no biopsy with DBT to biopsy with combined
DBT/3D-AUS was defined as beneficial, and a change
from biopsy to no biopsy was defined as detrimental.
The McNemar test was similarly applied to the benign
masses to assess changes in specificity. Finally, the change
in the average ratings for the two survey questions was
assessed using the Student 2-tailed paired t test. 
Results
Receiver Operating Characteristic Curve Analysis
The average Az for the likelihood of malignancy across the
6 readers was 0.92 for both DBT alone (range, 0.89–0.97)
and combined DBT/3D-AUS (range, 0.90–0.94; Table 1
and Figure 1). The Az values increased for 3 radiologists
and decreased for 2 others, but these changes did not
achieve statistical significance. 
Sensitivity, Specificity, and Changes in Biopsy 
Recommendations
With a BI-RADS rating of 4 as the threshold for biopsy
recommendation, the average sensitivity of radiologists
increased from 96% for DBT alone to 100% for combined
DBT/3-D AUS, whereas the specificity decreased from
33% to 25% (Table 2). With the addition of 3D-AUS,
3 readers upgraded the same malignant mass to BI-RADS
4 or higher, and all malignant masses were correctly diag-
nosed by all 6 radiologists. The changes in sensitivity, speci-
Padilla et al—3D Automated Breast Ultrasound and Tomosynthesis
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Table 1. Area Under the Curve Values for 6 Radiologists in Character-
ization of Masses on DBT and DBT/3D-AUS
Az
Radiologist DBT DBT/3D-AUS P a
1 0.92 0.93 .67
2 0.91 0.91 .88
3 0.93 0.94 .77
4 0.89 0.90 .78
5 0.92 0.91 .76
6 0.97 0.94 .29
Average 0.92 0.92 .89
aThe significance of the change in the Az value for the group of radi-
ologists and for each radiologist was estimated by the Dorfman-
Berbaum-Metz method.
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ficity, and biopsy recommendations did not achieve statisti-
cal significance (McNemar test, P > .99 for sensitivity;
P = .13–.55 for specificity), except for radiologist 3, for
whom the decrease in specificity was significant (P < .05,
McNemar test). On average per radiologist, the number
of correct biopsy recommendations per reader (Table 3)
increased by 0.5 per 51 cases, and the number of incorrect
biopsy recommendations increased by 3.2 per 51 cases.
Our study included a case of lobular carcinoma in situ,
categorized as benign. This mass was recommended for
biopsy by 4 readers with DBT and by 3 readers with
DBT/3D-AUS. 
Cyst Cases
The changes in biopsy recommendations were analyzed
specifically for the subgroup of cyst cases. On average
across the 6 readers, the number of biopsy recommen-
dations for the 13 cyst cases decreased from 6.7 for DBT
to 5.3 for combined DBT/3D-AUS (Tables 4 and 5).
This decrease was associated with a decrease in the aver-
age BI-RADS ratings per case, from 3.49 to 3.10 (P < .1,
Student 2-tailed paired t test).
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Table 2. Sensitivity and Specificity for Each Radiologist at a Decision Threshold of BI-RADS 4
Sensitivity Specificity
Radiologist DBT DBT/3D-AUS DBT DBT/3D-AUS
1 0.92 (12) 1.00 (13) 0.55 (21) 0.47 (18)
2 0.92 (12) 1.00 (13) 0.55 (21) 0.18 (7)a
3 1.00 (13) 1.00 (13) 0.45 (17) 0.26 (10)
4 0.92 (12) 1.00 (13) 0.29 (11) 0.21 (8)
5 1.00 (13) 1.00 (13) 0.00 (0) 0.11 (4)
6 1.00 (13) 1.00 (13) 0.16 (6) 0.26 (10)
Average 0.96 (12.5) 1.00 (13) 0.33 (12.7) 0.25 (9.5)
The significance of the change in sensitivity and specificity for individual readers was estimated by the McNemar test. Data in parentheses are
the numbers of correctly classified lesions, ie, true-positive in the Sensitivity column and true-negative in the Specificity column. The total num-
bers of malignant and benign lesions are 13 and 38, respectively.
aP < .01.
Figure 1. Receiver operating characteristic curves for DBT alone and
combined DBT/3D-AUS. The curves were constructed by taking the
median of the true-positive fraction among the readers for each value
of the false-positive fraction.
Table 3. Number of Biopsy Recommendations at a Decision Threshold of BI-RADS 4
DBT DBT/3D-AUS
Radiologist TP FP Total TP FP Total
1 12 17 29 13 20 33
2 12 17 29 13 31 44
3 13 22 35 13 27 40
4 12 27 39 13 31 44
5 13 38 51 13 34 47
6 13 32 45 13 28 41
Average 12.5 25.3 37.8 13 28.5 41.5
Data are the numbers of biopsy recommendations for the malignant (true-positive [TP]) and benign (false-positive [FP]) cases. The total num-
bers of malignant and benign masses are 13 and 38, respectively. 
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Mass Detection
Overall, masses were correctly located in 3D-AUS volumes
in 96% of the readings of the study. Using the automated
coregistration, 1 radiologist correctly located the masses on
the US images in all 51 cases, 1 radiologist in 50 cases, 1 radi-
ologist in 49 cases, 2 radiologists in 48 cases, and a fifth radi-
ologist in 47 cases. There were a total of 4 cases for which
missed registration of the masses on the 3D-AUS images
occurred. Of these 4 cases, there were a total of 13 false-
 positive detections composed of 6 marks at wrong locations
and 7 incorrect negative calls. From the ratings of the sec-
ond reading, ie, of the correct masses marked on the 3D-
AUS images by the reference radiologists before the reading,
it was observed that the readers recommended on average
2.5 of these 4 cases for biopsy with DBT and 3.5 with com-
bined DBT/3D-AUS. There were 2 cases with negative 3D-
AUS findings, and each was called negative by all readers. 
Survey Questions
The confidence of each reader to perform simultaneous
screening and diagnostic examinations was significantly
improved with the addition of 3D-AUS (P < .05, Student
2-tailed paired t test; Table 6). Four radiologists perceived
combined DBT/3D-AUS as potentially useful in some cases
for screening and diagnosis during the same examination;
2 readers expressed a more neutral opinion: The average
confidence ratings for the 6 readers were 4.5, 4.8, 4.6, 4.5,
3.1, and 2.1 for the use of DBT alone and 6.3, 7.8, 8.0, 9.4,
7.9, and 4.5, respectively, for the use of combined
DBT/3D-AUS. The radiologists expressed increased con-
fidence when 3D-AUS was added compared to DBT alone
in 80% of the cases, resulting in an 86% increase in the over-
all mean. 
Discussion 
Half of all of the readers had sensitivity of 100% with DBT
alone. With the addition of 3D-AUS, the sensitivity for all
readers was 100%. The average change in the number of
true-positive findings was small, +0.5 true-positive finding
per reader, with the addition of 3D-AUS because half of
the readers reached sensitivity of 100% with DBT alone.
Padilla et al—3D Automated Breast Ultrasound and Tomosynthesis
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Table 4. Changes in Biopsy Recommendations (Changes in BI-RADS Categories From DBT to DBT/3D-AUS)
Malignant Masses Benign Masses Cysts
Radiologist Beneficial Detrimental Beneficial Detrimental Beneficial Detrimental
1 1 0 4 7 2 1
2 1 0 3 17 3 5
3 0 0 7 12 6 4
4 1 0 4 8 2 3
5 0 0 4 0 4 0
6 0 0 5 1 4 0
Total 3 0 27 45 21 13
Changes in BI-RADS categories denote changes from category 1, 2, or 3 (no biopsy) to category 4 or 5 (biopsy recommended). A beneficial
change for a malignant mass is a decision based on DBT/3D-AUS to recommend biopsy for the mass that was not recommended for biopsy
based on DBT alone. A beneficial change for a benign mass (including the cysts) is a decision based on DBT/3D-AUS not to recommend biopsy for
the mass that was recommended for biopsy based on DBT alone.
Table 5. Numbers of Biopsy Recommendations for the Cyst Cases









The change in biopsy recommendations was not significant for any of
the 6 readers (P > .13, McNemar test). The number of cyst cases is 13.
Table 6. Average Ratings on a 1 to 10 Scale For the Survey Question
Concerning the Confidence of Using DBT and Combined DBT/3D-AUS









For every reader, the mean ratings for the two modalities were statis-
tically different (P < .05, Student 2-tailed paired t test).
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The specificity decreased with the addition of 3D-AUS,
and for one of the readers, it decreased significantly. These
results are reasonably consistent with other studies, given
the design and small size of this initial study of a new tech-
nique. Specifically, in the other studies, when used in addi-
tion to mammography, 3D-AUS (and handheld US40)
increased the number of callbacks when used for screen-
ing6 or increased the number of false-positive findings for
mass characterization.17
Three readers slightly improved their Az with the addi-
tion of 3D-AUS. One had a substantial drop. Overall, no
significant changes in the average Az across the 6 readers
were observed. This result is not unexpected considering
the high Az value obtained with DBT alone in this study,
leaving small room for improvement. In a previous study,
it was found that when used as an adjunct to mammography
for mass characterization,17 3D-AUS significantly improved
the Az value from 0.87 (mammography alone) to 0.93
(mammography/3D-AUS), whereas we observed a stable
Az value of 0.92 for DBT and combined DBT/3D-AUS.
Despite our experience of improved mass visibility on
DBT over mammography,21,26,28,30 the lack of outstanding
results for DBT in much of the literature41 and the malig-
nant case that was misdiagnosed in this study by 3 radiol-
ogists with DBT alone and was corrected with the addition
of 3D-AUS suggest a continuing need for the use of US for
mass characterization. The DBT and 3D-AUS images of
the case misdiagnosed by 3 radiologists with DBT alone
are shown in Figure 2. The tomosynthesis image shows an
oval mass with circumscribed margins, features that would
lead a radiologist to believe that it would likely be a cyst or
a fibroadenoma. The 3D-AUS image shows that the mass
is hypoechoic, and has slightly indistinct margins. These
features indicate that it is not a simple cyst. If the mass were
new or unknown in stability, it would need fine-needle
aspiration or biopsy to determine whether it was a com-
plicated cyst, a fibroadenoma, or a malignancy.
Three-dimensional AUS also could be important for
delineating complete extension of masses and for imaging
masses in dense breasts, as illustrated in Figures 3 and 4.
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Figure 2. Sections extracted from mediolateral oblique views of a
metaplastic carcinoma in a right breast (left, DBT image; right 3D-AUS
image; black arrows point toward the mass) diagnosed as benign on
the DBT image by 3 readers. The AUS image is from a plane corre-
sponding to the image plane of the DBT image. The US image is mag-
nified relative to the DBT image.
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In Figure 3, the 3D-AUS image shows the complete delin-
eation of the mass (large box), which is larger than initially
seen on DBT and confirmed by pathologic examination
after mass excision. In Figure 4, the DBT image and also
the mammogram were so dense that the mass was only dis-
tinguishable because of the surrounding fat on three sides,
whereas the mass is clearly evident in the 3D-AUS image.
Some false-positive results may be explained by sub-
optimal quality of some of the 3D-AUS images when
scanned from only one side of the breast, as in this study.
Breast US imaging using mammographic compression
may cause reverberation artifacts in cysts, as illustrated in
Figure 5. Reverberation artifacts are observed inside the
mass on the 3-AUS image, probably due to reverberation
involving the solid compression paddle and hyperechoic
structures located above the cyst. The orientations of these
structures in mammographic compression geometry are
more perpendicular to the direction of propagation of the
US beam than they would be for a handheld US scan,
resulting in stronger echoes. Limitations in image quality
may also result from an increased distance between the US
probe and the target mass in mammographic compression
geometry compared to handheld US imaging and from
scattering by tissue structures,42 particularly structures not
as flattened as they would be on optimized handheld US
images, or from the presence of air bubbles in the coupling
media,7,9,12,13 especially in the pariareolar and lateral areas
of the breast.9 In addition, in 3D-AUS imaging as per-
formed here, there is limited coverage of the breast, respon-
sible for the exclusion of 25% of the research cases.
For almost three-fourths of these excluded cases, the
mass was located too far posterior, an area of the breast dif-
ficult to image with US when the transducer beam is ori-
ented in a craniocaudal direction while the breast is under
mammographic compression. Improvements should
come from the use of multiple 3D-AUS views. We plan sys-
tematic acquisitions of two 3D-AUS views in our future
protocol, providing two volumes coregistered with two
DBT volumes, improving the coverage and field of view
for the US imaging and potentially also allowing discrimina-
tion of acoustic shadowing artifacts. For the cases excluded
because the mass was located at the edge of the breast, the
issue usually arose from ineffective coupling of the trans-
ducer/gel to the skin. We recently developed greatly
improved techniques for gel positioning and maintenance
in the large gaps between the transducer/compression
paddle surface and the edge of the breast.
Substantial improvements in 3D-AUS image quality
could also be obtained with the use of the compound imag-
ing mode, speckle reduction, better acoustic coupling via
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Figure 3. Digital breast tomosynthesis slice (left) and 3D-AUS section
(right) of an invasive ductal carcinoma. The boxes indicate the
boundaries of the region of interest containing the mass on the DBT
section and the coregistered region of interest on the 3D-AUS sec-
tion. The large box on the 3D-AUS image shows the complete delin-
eation of the mass as confirmed by pathologic examination after
mass excision.
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new coupling gel control and application methods,9 a new
mesh paddle,35 scanning from both sides of the breast43
with transducers shaped to allow imaging close to the chest
wall, other enhanced scanning and acquisition tech-
niques,44,45 and multiple 3D-AUS views.
In our study, automatic registration was perceived as
very useful by the radiologists and resulted in the correct
identification of masses in 96% of the readings. Missed reg-
istrations were concentrated in 4 cases, for which 3D-AUS
volumes were found very difficult to interpret because of a
variety of limitations: the depth and very small size of the
masses or an offset in the registration probably caused by
an inadvertent posterior pullback of the breast by the
patient between the DBT and 3D-AUS scans.
Most of the radiologists perceived combined DBT/
3D-AUS as potentially useful for screening and diagnosis of
some cases during the same examination. The question of
the usefulness of screening with US is still debated, but
several major studies reported improved incremental
cancer detection with handheld US1,40,46,47 and AUS.6,18
Similar BI-RADS classification of cysts between handheld
US and 3D-AUS has also been reported.7 If the full poten-
tial of US to differentiate simple cysts from solid masses
can be confirmed in a system combining it with DBT, as
reported here, that system could be useful for both screening
and diagnostic workup of many cases in a single examination.
This factor is especially important because simple cysts
constitute 25% to 27% of all palpable or mammographi-
cally detected lesions in the general diagnostic popula-
tion.46,48 This role of 3D-AUS should be particularly
efficacious and could therefore improve the potential23 of
DBT in screening and diagnostic breast imaging practices.
One commercial DBT system recently received US
Food and Drug Administration approval, and the role of
tomosynthesis in breast imaging is likely to increase rapidly.
Three-dimensional AUS is compatible with the design of
mammography and tomosynthesis systems and could be
implemented using clinical US scanners, at the cost of the
installation of US-compatible compression paddles with
one or two motorized transducer carriages and controls.
The reading time of combined system data could be
reduced by the use of computer-aided detection49–51 and
automatic registration52 to reach an acceptable standard
for clinical practice. The use of computer-aided detection
could also improve mass characterization,17,53 particularly
given coregistered US and DBT images.
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Figure 4. Digital breast tomosynthesis slice (left) and 3D-AUS section
(right) of an invasive ductal carcinoma. The boxes indicate the bound-
aries of the region of interest containing the mass on the DBT section
and the coregistered region of interest on the 3D-AUS section.
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The prevalence of cancer in our study population
was higher than that in a diagnostic population in clinical
practice, but it has been reported that prevalence between
2% and 28% would not significantly affect the outcomes
of an ROC study.54
Our study had a number of limitations. First, the inclu-
sion criteria could have introduced an unintended bias
toward tomosynthesis. This study being a characterization
study, only cases for which the mass was seen on DBT
image and was in the field of view of the US image were
used. Second, because biopsy results were used as truth, all
of the masses that were analyzed had been recommended
for biopsy after mammographic and handheld US imag-
ing. Thus, masses present in a diagnostic population with
benign diagnoses after mammographic and handheld US
imaging were not included. Third, the study involved only
51 patients and 6 readers, thereby limiting our ability to
assess small differences between the two modalities.
Fourth, all observers from our study were experienced radi-
ologists in breast imaging, with some experience in DBT
reading. Thus, our results may not generalize to radiologists
with different experience.
In summary, we have reported one of the early studies
of US imaging with tomosynthesis, with may trigger interest
for AUS in this geometry and show some directions for
further improvements. In this pilot reader study, the char-
acterization of masses by the radiologists was not statisti-
cally improved by the addition of 3D-AUS. However, we
tentatively believe that these preliminary results are
encouraging for the following reasons: (1) the addition of
3D-AUS led to the diagnosis of 1 additional malignant case
by half of the readers; and (2) a trend toward a decrease in
the number of biopsy recommendations was observed for
the cyst cases. The realized 3D-AUS image quality and
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Figure 5. Digital breast tomosynthesis slice (left) and 3D-AUS section
(right) of a cyst. The boxes indicate the boundary of the region of inter-
est containing the mass on the DBT slice and the coregistered region
of interest on the 3D-AUS section. Reverberation artifacts can be
observed inside the mass on the 3D-AUS image.
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breast coverage may be limiting factors of the prototype
used, especially for mass identification, but substantial
improvements are possible. Most of the readers indicated
increased confidence in potentially performing simultane-
ous screening and diagnostic examinations with a com-
bined DBT/3D-AUS system. Assessing the performance
of a revised combined system in an enhanced screening
population will be the objective of future studies. 
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